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DECLARATION OF ANDREW HIATT, Ph.D, UNDER 37 C.F.R, S 1.132 

I, Andrew Hiatt, hereby declare that: 

1 . I was educated at the University of Vermont where I received a 
B.A. degree and at Colombia University where I received a Ph.D. degree, I was a 
postdoctoral fellow in the Delbruck Laboratory at the Cold Spring Harbor Research 
Laboratory and an assistant professor at the Scripps Clinic and Research Foundation, I 
have conducted research in plant biotechnology for over 20 years and am the author or 
co-author of over 30 published scientific articles in biomedical science. A brief summary 
of my accomplishments and a recent copy of my Curriculum Vitae is attached as 
APPENDIX 1 . I am a founder and the chief scientific officer of Epicyte Pharmaceutical, 
Inc., a company focused on technology for expressing antibody products in plants. I am 
named as a co-inventor of the above-identified patent applicafion. I should also mention 
that Epicyte Pharmaceutical, Inc. is an exclusive licensee of this patent application. 

2. I understand that the Examiner has rejected the claims as being 
allegedly obvious over a doctoral dissertafion by Klaus During ("the During dissertation^') 
and Goodman (U.S. Patent 4,956,282) , in view of Stolle et al. (U.S. Patent 4,748,018). I 
also understand that the Examiner has reviewed a declaration by Dr. Richard Lemer, 
dated March 11, 2002, but has discounted its applicability because the During dissertation 
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allegedly is limited to problems associated with processing and assembly of full length 
antibodies and the claims are not commensurate in scope (which I understand to mean 
that the claims cover antibody fragments). I understand the Examiner's position to be 
that production of an antigen specific dual chain antibody fragment does not involve 
processing and assembly of the chains. I also understand that the Examiner is applying 
this same reasoning to discount the findings in the Lerner declaration on the prejudice in 
the art against the conclusions of During. I bring this declaration for the purposes of 
addressing what appear to be scientific misconceptions held by the examiner. 

I. An antigen specific immunoglobulin fragments require processing and 
assembly. 

3. The Examiner's assertion that the claims are not commensurate in 
scope because antigen specific immunoglobulin fragments of a fully assembled antibody 
(i.e., immunologically active antibody fragments) do not require processing and assembly 
is scientifically incorrect. It has long been known that an antigen specific 
immunoblobulin fragments, like the full length version of these antibodies, require 
processing and assembly. The following references are illustrative of this point, 

Skerra et al .. Science 240:1038-1041 (attached as APPENDIX 2) 
described assembly of a functional immunoglobulin Fv fragment in E. coli bacteria. In 
this regard, the abstract of Skerra on page 1038 states as follows (emphasis added): 

An expression system was developed that allows the 
production of a completely functional antigen-binding 
fragment of an antibody in Escherichia coli. The variable 
domains of the phosphorylcholine-binding antibody 
McPC603 were secreted together into the periplasmic 
space, where protein folding and as well as heterodimer 
association occurred correctly. Thus, the assembly 
pathway for Fv fragment of McPC603 is similar to that 
of a whole antibody in the eukaryotic cell. 

With respect to processing, Skerra et al evaluated the N-terminal sequence of the heavy 
and light chain variable regions and concluded that the leader sequences were properly 
cleaved by bacterial signal peptidase. Id. at page 1040, left hand column. Skerra et al. 
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also showed that the expressed fragment was antigen specific, hi Thus, it is evident 
from Skerra et al. an antigen-specific antibody fragment (like that of the full-length 
antibody) requires processing and assembly. 

Better , Science 240:1041-1043 (attached as APPENDIX 3 ) 
described assembly of a functional immunoglobulin Fab fragment in E. coli bacteria. The 
Fab fragment of Better et al. is a chimeric antibody which contains the variable regions of 
a mouse monoclonal antibody with the ChI and Cc constant regions from a human IgGl 
immunoglobulin. Better et al. concluded from an evaluation of antibody Fab fragments 
produced in culture supematants that a processed and fully assembled fragment was 
produced. Id. at page 1042, middle column ('These observations of are consistent with 
the predicted molecular sizes of the processed chimeric Fab . . . and suggest that the 
material is properly processed."). Better et al, also showed that the expressed Fab 
fragment was antigen specific. Id. Thus, it is evident from Better et al. that an antigen- 
specific antibody fragment (like that of the full-length antibody) requires processing and 
assembly. 

Horowitz et al., Proc. Nad. Acad. ScL (USA) 85:8678-8682 
(attached as APPENDIX 4) described assembly of a functional full-length ("whole") 
chimeric antibody and a Fab fragment derived therefrom by yeast cells. The Fab 
fragment of Horowitz et al. is a chimeric antibody which contains the variable regions of 
a mouse monoclonal antibody with the ChI and Ck constant regions from a human IgGl 
immunoglobulin. Horowitz et al. concluded that processing and assembly of antigen 
specific full-length antibody and related Fab fragments occurred in yeast. Id. at page 
8681, left hand column ("Several lines of evidence support the thesis that these proteins 
are correctly folded."). 

4. Similar findings to those above had been previously reported for 
antibody expression in lymphoid cells (see Neuberger et al. Nature 312:604-608, 1984; 
attached as APPENDIX 5). Thus, the Examiner is mistaken in believing that the 
fragments of a fully assembled antibody do not require processing and assembly. Antigen 
specific dual chain antibodies, whether full-length or fragments thereof, have been shown 
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in mammalian and microbial systems to require correct processing and assembly for their 
production. 

II. The prejudice in the art described in the Lerner declaration also applies to 
antigen-specific immunoglobulin fragments. 

5. The Examiner belief that the findings of the Lerner declaration that 
a prejudice in the art existed circa 1988/1989 against producing a processed and fully 
assembled antibody in plant cells would not have applied to the production of an antigen- 
specific antibody fragment in plant cells also is mistaken. It is evidem from the above- 
discussed art that antigen-specific antibody fragments require processing and assembly as 
do a full-length antibody. Thus, it necessarily follows that the prejudice in the art against 
the producing full-length antibody in plant cells also would have applied equally well to 
an antigen-specific antibody fragmem. In my view, the Lerner declaration states as such 
by referring to a "processed and assembled immunoglobulin" (Lerner declaration, 18), 
which is a term that encompasses an antigen-specific full length antibody and antigen 
specific antibody fragments. 

I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true; and 
further that these statements are made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisomnent, or both, under Section 1001 
of Title 18 of the United States Code, and that such willful false statements may 
jeopardize the validity of the captioned patent application or any patent issued therefrom. 

i 

— I /[.^,vv.\^^. 

Andrew Hiatt, Ph.D. 
Epicyte Pharmaceutical, Inc. 
5810 Nancy Ridge Dr. 
Suite 150 

San Diego, C A 92121 
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sera from humaxis in endemic ai*cas [30) and 
may play a role in protective immunicy [19), 
This suggests chat p4l is exposed to the 
host's imirjune s)'sccm at a certain point of 
the iafcctiou5 cycle, probably when the con- 
tent of the rhoptry organelles is secreted 
onto the erythrocyte membrane (31). At this 
step, antibodies could inactivate d^e rhoptry 
proteins diat arc believed to parridpatc in 
the invasion process (7, 19). 

Certain features of die p41 sequence sug- 
gest two independent approaches to the 
control of malaria. Pirst, the need for func- 
tional aldolase may rcflea the strong conscr- 
ynxion of the sequence among different iso- 
lates; it is unlikely that parasite mutants 
evolve that escape inimunc attack by protcc- 
dve annbodies against p41. Second, die 
common funaion of the enzyme yet the 
relatively high degree of sequence diversity 
bcrvvccn human and parasite aldolase sug- 
gests the possibility of finding compounds 
that specifically inhibit the parasite enzyme. 
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Assembly of a Functional Immunoglobulin Fv 
Fragment in Escherichia colt 

ArNE SkERRA and AnDRJEAS PLtrCKTHUN* 

An expression system was developed that aJlowi* the production of a completely 
functional antigen-binding fragment of an antibody in Escherichia colL The variable 
domains of the phosphoryichoUne-binding antibody McPC603 were secreted together 
into the periplasmic space, where protein folding as well as hctcrodimer association 
occurred correctly. Thus, the assembly pathway for the Fv fragment in£, coH is similar 
to that of a whole antibody in the cukaryotic cell. The Pv fragment of McPC603 was 
purified to homogeneity with an antigen- aflBnity column in a single step. The correct 
processing of both signal sequences was confirmed by amino-tcrminal protein se- 
quencing. The functionality of the recombinant Pv fragment was demonstrated by 
equilibrimn dialysis. These experiments showed that the affinity constant of the Py 
fragment Is identical to that of the native antibody McPC603, that there is one binding 
site for phosphorylcholine in the Fy fragment, and that thetc is no inactive protein in 
the preparation ► This expression system should fiicilitate future protein engineering 
experiments on antibodies. 



IMMUNOGLOBULINS (IGS) ARE A FAM- 
ily of Stable and similar molecules that 
can bind to a large number of different 
antigens. Thc}^ consdtute promising targets 
for invesdgating protein-ligand interactions 
since the overall folding of the domains 
stems TO be independent of die structure of 
the bindmg site. Several diree-dimensional 
structures of antibodies or their Fab frag- 
ments have been determined, and their com- 
mon features have been compared (i). The 
C55cncc of dieir architecture is a' framework' 
of fau-Jy constant residues (arranged in z 
sandwich of P-shccts) linked by direc hyper- 
variable loops [complemcntanty-determin- 



ing rcgiorw (QDR)] per chain that deter- 
mine the specificity for andgcn recognition. 
An early insight into enzyme catalysis b>' 
Pauling (2) was used to search for catalytic 
andbodies (3). An easy axess to gcnedcally 
engineered, functional andbody proteins 
would pennit new approaches for studying 
antibody structure and function and the 
essentials of enrymatic catalysis (4). 
Despite numerous investigations, the 
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' cNp^^cssion offonoional whole ai^^lics or 

^' functional antigen- binding fragmcncs of 
.antibodies has not been reported for any 

• bevctcriai expression system, and the chance 
of designing such axi expression system has 
been viewed- pessimistically (5, 6). The 

, expression of antibodies in yeast has been 
described (7), but only a smaJJ fraction of 
the expressed protein was foncnonal. The 
purification of active antibodies or antibody 
fragments from yeast or any other microor- 
ganism has not been reported. In E. coU^ the 
antibody protein could be produced oniy in 
a non-native scate (5), and refolding experi- 
ments led CO only a small percentage of 
corrcctiy folded recombinant antibodies. 
Moreover, it is difficult to purify the native 
protein from non-nativx contaminants, 
which cornplicates accurate measurements 
of binding constants, folding yields, and 
spectral properties. 

Other investigators preferred expression 
in cells of higher culcaryoces, thus permitting 



lift 



the production of hinaionai anribodia 
9,10). Yet none of these expression systems 
compares to E, coii in the ea^e of genetic 
manipulation, e£Ecicnt transformation, fast 
growth, -simple fcrmcnration, and favorable 
economics. A bacterial expression system In 
which the chains assemble to form a func- 
tional complex in the same cell would pemndt 
the use of assays dircctiy on baacrial colo- 
nies. One could then use positive selection 
methods for antigen binding and possible 
catalytic functions of the mutant: antibodies. 
Apart from the investigation of the variable 
regions themselves, die possible replacement 
of the constant regions through genetic 
means by marker enzymes [11), toxins {12), 
or Ig regions from a different das3 [13) or 
from a different species [14) has artractcd 
attention- The production of such hybrid 
antibodies may also be facilicatcd by a baac- 
rial expression system. 

In our search for an antibody model for 
investigations on binding and catalysis, we 



Fig, 1. Plasmid pASK22 for the ccKixprcision and 
cosecrcdon of che and V„ domain of McPC603 in 
B. coli The plasnud conains the origin of replication 
[oii) and the ampicillin resistance gene (ApT from d\e 
pUC femily of plasmids (29). The Vh and die 
domain arc encoded as two separate proteins on the 
sajnc transcription unit downstream from a lac promot- 
er-operator (29), which is inducible hy isopro- 
pyl-|3"D-chiogalaaosidc (IPTG). The synthetic genes 
encoding the V„ and the \\ domain (4) arc prcdsely 
Fiiscd to gene Eragmencs encoding die signal sequence 
of the outer membrane protein A [&mpK) [19) and the 
alkaline phosphatase (pAoA) (20), rcspccuyclv. Each 
coding region is preceded by a ribosomaJ binoing sice 
to ensure efficient translation inidacion. Thus, both 
genes arc arranged in a rcgulatablc artificial dicistronic 
operon. The construction of the plasmid was per- 
formed by uiing standard DNA mcmodolog>' [SO). 



Fig. 2, Purificacion of che Fv fra^ent. An SDS-PAGE (14%) 
(3/) stained with Coomassie brilliant blue ii shown. (Lane I) 
Total ceil protein;. (lane 2) pcriplasmic fracdon; (Jane 3) puriM 
Fv fragment; and (lane 4) protein molecular size marker. For the 
purification, a culture of £. coli strain W3110 harborij^g plasmid 
pASK22 was grown tji lactose broth (LB) medium containing 
ampicillin (100 mg/liter) to attain an absorbancc at 550 nm of 
0,5\ After induction for 45 min by addition of i50prop>')thiogalac- 
toside to a final concentration of 1 m^^, the cells were har^'cstcd 
b>- ccntrifugation at 4000^ for 10 min (at 4°C). A ceU fraction- 
ation was carried out by rciuspending the cell pellets in T£S 
buffer [Q.IM tris-HCl, 8.0; 0.5 EDTA; sucrose) 
( 10 mi per liter of original culture). The celb were then subjected 
to a mild osmodc shock addition of TES, diluted 1:4 with 
HjO, and containing 2 mM phosphorylcholine (15 mJ per liter of 
original cLilcure). After incubation on ice for 30 min, the 5uspcn- 
sion was ccntrifugcd (5000^, 10 min) and the supernatant was 
centnfugcd again (43,000^, 15 min). This supernatant, which 
contained all soluble pcriplasmic proteins (32), wa:i concentrated 
by uhraiiltration wich an Amicon YM S membrane to a voiume of 
approdmaccly 2.5 ml per liter of oripnai culture and dialyzcd 
against BBS buffer (0.2^ boratc/KaOH 8.0, 0.16M NaCl). 
This concentrated solution was applied to a phosphorj'icholinc 
affinit)' column (2, 5 -ml bed volume per A liters of bacterial 
culture) (55). After washing wid^ BBS, pure Fv fragment was 
clutcd with a solution of 1 uiM phosphor)'lchoIinc in BBS. The 
t>'pical yield af this not ycr optimized procedure is approximately 
liter of bacterial culture. 
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0.2 mg of purified F» fragment per 



decided on an antibody with a known amino 
acid sequence and a three-dimensional struc- 
rure that mav also be close to i transition- 
state binding protein. Such :i system is the 
myeloma protein McPC603 [15, 16)^ a 
phosphorylcholine-binding IgA- from 
mouse. Wc decided to investigate the 
expression of the Fv fragment of McPC603 
in E. coii. This fragment is the dimcr of tiic 
Vl (115 amino acids) and (122 amino 
acids) domains and contains the whole anti- 
gen binding site. Each domain has one 
intramolecular disulfide bond (connecting 
Cys-23 to Cys-94 in and connecting 
Cys-22 to Cys-98 in V^). There is no 
disulfide bond between che chains and no 
other free cysteine. We synthesized the 
genes for both the Vl and the Vh domain. 
The exaa DNA sequence wc synthesized, 
the s^Tithesis methodology, and die logic of 
the sequence design are discussed elsewhere 
(4). 

The expression system described herein is 
the result of attempts to reproduce in £. coli 
che folding and assembly pathway of anti- 
bodies In cukar>'otic cells. In che eukaryodc 
plasma cell, the two chains of an antibody 
are separacely transported from the cyto- 
plasm CO the lumen of the endoplasmic 
reticulum (ER) (iT). This transport requires 
an NFl2<crminal signal sequence, which is 
cleaved off during or after the translocation 
event by^ a signal peptidase, to produce the 
maaare protein. In the lumen of the ER, 
protein folding, formation of the disulfide 
bonds, and the association of individual 
chains to form the fimctional antibody take 
place [17). It is not dear yet which other 
protciiis play an essential role in mediating 
these folding and .assembly processes. In 
addition to tiicsc critical steps, which muse 
be mimicked in the bacterial ccU in order to 
obtain a functional Fv fragment, the anti- 
bodies are glycosylated in the lumen of the 
ER and Golgi apparatus and transported to 
the cell surface. Usually only the Fc is glyco- 
S)datcd, but this glycosylation is not re- 
quired for antigen binding. 

Our hypothesis was that the protein trans- 
port to the pcnplasm of jE. coli is funaionaliy 
equivalent to the transport of a protein to 
the lumen of the ER of a eukaryotic cell. We 
developed a s)^tem for expressing both 
chains in the same E. coli cell and secreting 
them together mto the periplasm oiE. coli. 
This system shotild permit die foUowing 
critical steps in the assembly of a functional 
Fv fragmenc to occur: (i) s}Tirhcsis of ap- 
proximately stoichiometric amounts of both 
chains, (ii) transporc of both precursor pro- 
teins to xha periplasmic space, (iii) corrca 
processing of both signal sequences, result- 
ing in che same NH2-tenTiini as in the 
protein isolated from die mouse, (iv) fold- 
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ing CO globular and soluble domains, (v) 
fbrmadon of the intramolecular disulfide 
bonds, and (vi) associarion of Ac nvo chains 
to form a hcccrodimei. Several examples 
{18) illustrate the secretion of heterologous 
monomcric proteins into the periplasm of£. 
coli, but it was not known whether folding 
and assembly of tvvo different subunics can 
also occur to form a functional dimeric 
protein. 

The expression vector wc constructed is 
schemadcaily drawn in Fig. 1. The genes, 
precisely fused to bacterial signal sequences 
{19, 20), arc arranged in an artificiaj dicis- 
tronic operon. A homogeneous Fv fragment 
can be prepared from the periplasmic frac- 
tion of a cell lysatc in a single step by affinity 
chromatography (legend to Fig. 2), 

As can be deduced from the SDS-poly- 
acr)'lamidc gel clcarophorcsis (PAGE) (Fig. 
2), the F^ fragment is completely pure. Both 
chains of the purified Fv fragment are pres- 
ent in a 1 : 1 molar rado and have the sires 
expected for the marurc proteins (V^, 
13,600, Vl, 12,4:00). To confirm the cor- 
rcct cleavage of both signal sequences, the 
six amino- terminal amino-adds of the two' 
chains [Vh, NHrGlu-Val-Lys-Lcu-Vai- 
Glu; Vl, NH2-Asp-Il<-VaJ-Met-Thr-Gln; 
{15)] were sequenced {21, 22), Both heter- 
ologous fusion proteins were properly 
cleaved by the bacterial signal peptidase, and 
dicrc was no indication of cidicr imprecise 
processing or any NHj-tcrminal degrada- 
tion, 

W c measured the affinity constant of the 
recombinant Fv fragment for phosphocyl- 
chplLne by equilibrium dialysis (Fig. 3). The 
same conditions were used as in the determi- 
nation of the afiinit}^ constant of nari^^ 
McPC603 isolated from mouse ascites (25). 
The value found for the Fv fragment 
(1.21 ^ 0.06 X lO^AT ') (Fig, 3) is identi- 
cal (within experimental error) to diat re- 
ported (23) for the native antibody 
(1.6 ± 0.4 X 10^^-^). The Scatchard plot 
(Fig. 3) IS linear and extrapolates to approxi- 
mately 1 mole of hapten bound per mole of 
Fv fragment. This shows that chtrc is one 
binding site per Fv fragment and diat there 
is no inactive protein in die preparation. 

Wc conclude that it is possible to express 
die Fv fragment of McPC603 as a fully 
funcrionai and stable protein in E. coH. There 
was no previous indication of whedicr£. coH 
would be able to assemble a protein consist- 
ing of different subunits in the periplasm. 
Eschcnchid coli seems to assemble its own 
proteins by a different method. Escherichia 
coli pcniciliin-aq'lase, the best characterized 
protein that fits the definition of a soluble . 
hetcrodimeric protein in the periplasm, is 
proteoi)aicaIly processed from a single chain 
precursor in die periplasm [24). Our results 



indicate that folding and hctero-assoaation 
of the variable domains is possible without 
known extemaJ help and is strongly favored 
in the periplasm of coli. Thus wc could 
show that even when die assembly of two 
different chains is necessat)' for the forma- 
don of a flincaonal protein, the transport to 
the periplasm of£. c^U is functionally equiv- 
alent to the eukaryodc transport to the 
lumen of the ER. Further cxperimenradon 
will be needed to clarify whether there is any 
role of homodimcrs (Bcnce-Joncs proteins) 
(25) as assembly intermediates, or whether 
Che correct hcterodixner association is both 
kincdcally and diermodynamically favored 
over homodimcr forma don. Most of the 
soluble Vl and Vh protein from the pcri- 
plasmic fraction binds to die affinity col- 
umn, indicating that it is correctly assembled 
to a hctcrodimer. 

Our second result is that the Fv fragment 
of McPC603 has cssenrially die same afiriit)' 
constant for phosphorylcholinc as die intaa 




Fig. 3. Equilihrium dialysis data for the binding 
of phoi:phoryl[w^r/^'^»^C]choiinc to the rccombi^ 
nant Fv fragment of Md?C603. The equilibrium 
di^ysis was earned out in a mujcicaviry microdia- 
lysis chamber (Bel-Aa Products) wich a volume of 
about 100 fxi on each side of the membrane. The 
chambers were filled with 50 ^il of purified Fv 
fragmcnr in BBS on one side and 50 of a 
soiudon of phosphor)'] [W:^y/-^*CJ choline (50 
mCi/mmol, Amcrsham) in EB5 on the other side. 
The concentration of the F^ fragment was deter- 
mined CO be 0.22 mg/ml from an ^205 of 6.85 
[using an extinction coefficient of ejJS^' t= SI 
for the average absorption of die pcpddc bond 
region in proteins at 205 nm (34)]. After ec^uili- 
bradon for 22 hours at ambient temperature, 
samples (20 fil) from each soiation were counted 
in 5 ml of Rodszin; 22 {Koxh BiochemicaJs) using 
a Bcckman LS 1801 scintillation counter. The 
dau obtained are piottcd according ro Scatchard 
(35). r denotes the fraction of antibody f^g- 
.^ith bgund hapten, and c dc^iQtCJ .the 
conccncration of free hapten. The line u^as fined 
by^ linear regression anaipis. From the slope of 
^ line an affinit\' constant of 
= i.21(:ta06) X IQ^M^i is obtained. 
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antibody McPC603. This finding could not 
be c\pcacd a priori, since there is consider- 
able debate about the functionality of Fy 
fragments {26, 27). The first accurate study 
of an Fv fragment focused on the dinitro- 
phcnol (DNP)^bindiag anribody MOPC- 
315. It revealed thac the affinit}^ constants 
for DN? were essentially identical for the 
fragment and the Fab fragment {26), In a 
recent investigation of the human ribofla- 
vin-binding antibody Gar (27), a fragment 
consisting of Vh and the whole light chain 
was prepared. This fragment, which is com- 
parable to an Fv fragment, has an affinity 
comtanc for riboflavin that is about three 
orders of magnicudc bwcr than that deter- 
mined for the native antibody. These results 
were contradictory, and it was not dear 
whether they are the consequence of true 
differences between antibodies {28) or arc 
the result of experimental side effects (27). 

We conclude that the Fy fragment of 
McPC603 is fully functional and can serve as 
a convenient model for studying antigen- 
antibody intcracrions, since the thrcc-di* 
mensional strucmre of the corresponding 
Fab fragment is known" (J'iJ): Wc have clc-" 
vised an expression system not requiring any 
in vitro manipuladons such as cleavage of 
frision proteins, oxidation, or refolding. 
Furthenmorc, expression in a functional 
state permits the use of hapten binding for 
rapid and selective purification. The peri- 
plasmic locadon of the protein reduces both 
rhe potential protease degradation problem 
and the number of contaminadng procein 
species to be separated. We believe that 
protein engineering of antibodies is grcady 
facilitated uith this expression system. 
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Escherichia coli Secretion of an Active Chimeric 
Antibody Fragment 

Marc Better, C. Paul Chang, Randy R. Robinson, 
Arnold H. Horwitz 

A chimeric mousc-hunian Fab protein chat binds specifically to the human carcinoma 
cell line C3347 has been expressed and secreted from Escherufna calL This molecule, 
which contains functionally assembled kappa and Fd proteins, binds as effectively to 
sites on the surface of C3347 cells as Fab fragments prepared protcolytically from 
whole chimeric or mouse antibody. The production in Escherichia coli of foreign 
hctcrodimeric protein reagents, such as Fab, should prove useful in the management of 
human disease. 



THE BINDING-SELECTIVrrr OF ANTI- 
body molecules makes them suiced 
for applications as diverse as afiiniry 
chromatographyj diagnostic reagents^ and 
•thcrapcudcs in- the dctccdon and treatment 
of human diseases. Monoclonal antibodies 
arc especially useful for these purposes be- 
cause they can be prepared widi homoge- 
neous rccogniuon spccificincs targeted at 
vimially an unlimited number of antigenic 
dctcnninants. The protein domains that 
confer these antigen rccognidon determi- 
nants can be protcol}Tncally separated from 
the remainder of the molecule and sdl! retain 
dieir andgen- binding ability. This portion 
of an andbody (Fab) is roughly one-durd 
the size of an intact immunoglobulin G 
(IgG) (about 48 kD) and odiibits monova- 
lent andgen binding. The similar F(ab')2 
portion retains divalent andgen- binding ca- 
pacity and contains both rccognidon do- 
mains linked by two interchain disulfide 
bridges. Andbodics differ, however, in their 
susccpdbilit}' to protcoI)T:ic cleavage, and 
prcparadons can be heterogeneous. The rci- 
anvcly simple structure of a Fab (5 disulfide 
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bonds) compared to an intaa andbody (16 
disulfide bonds) and die dierapeutic useful- 
ness of Fab molecules make chcm anxacuve 
cargcTs for producdon by microbial fermen- 
tation after-appropriate .prorcin engineering, . 
Here wc discuss the expression of a mouse- 
human chimeric Fab in Esohcrichia^ calL, that 
is, a molecule that contains the variable 
regions (andgen rccognidon domains) from 
a mouse monoclonal andbody and the ChI 
and Cn constant regions from a human IgGl 
andbody. 

Each protein chain of a Fab has t^vo 
intrachain disulfide bonds that stabilize 
funcdonal domains, and a single cysteine 
involved in interchain disulfide linkage. 
Escherichia coli has been used to produce 
individual immunoglobuim chaios internal- 
ly that arc not properly folded (1, 2), or 
individually secreted chains (3); however, 
for E. coli to assemble die truncated heavy 
chain (Fd) and k into chc correct hctcrodi- 
meric molecule, both chains must be trans- 
lated simultaneously and secreted, This op- 
cradon would then mimic the cognate 
immunoglobulin assembly process. 

The chimeric L6 andbody (4), direaed 
tcr^'ard a gangiiosidc andgen expressed on 
the cell surface of manv human carcinomas 



(5)> has been described. This andbody, pre- 
pared from the culture supernatant of an 
Sp2/0 transfectoma cell line, is expressed 
from the cDNA copies of the chimeric L6 
IgG 7 and K chain genes. The cDNA clones 
for these cvvo chimeric genes were used as 
the starring point for expression of a Fab 
molecule in mammalian cells and bacteria. 

A terminadon codon was introduced into 
the chimeric heavy chain gene at amino add 
228 by sitC'dircctcd mutagenesis (6) (Fig. 
la) in a manner that introduced a Eel I 
rcscricdon site. A similar step Lntroduccd a 
restriction site, Sst I, into the coding region 
ac the processing cleavage site of the nadvc 
hea\'y chain leader pcpddc and the mature 
heav^^ chain. Sitc-direcced mutagenesis was 



.Tabje. 1. BLndiiig_ activity of bacterial Fab to 
human carcinoma cells. Target cells were incubat- 
ed for 30 min at 4*C with each andbody or fab, 
followed by incubadon with fluorescein isothio- 
cyanate (FrTC)^labelcd goat andbody against 
human K for the bacterial Fab, FITC-labeled goat 
andbody against mouse IgG for the L6 mouse 
andbody, FrTC-labcled goat andbody against 
mouse K for L6 mouse Fab, or goac andbody 
against human IgG for the chimcnc L6 andbody. 
Wc deccrmined andbody binding to the cell sur- 
face by using a Coulter model EPIC-C cell sorter. 
FrrC-labdcd antibodies were obtained from 
TAGO. 





Binding 


ratio* 


Andbody 


C3347 cells 


T51 cells 




L6+ 


L6- 


Mouse L6 


95 


1 


Sp2/0 chimeric L6 


116 


1 


Bacterial L6 Fab 


54 


1 


Mouse L6 Fabt 


16 


1 



*Thc binding ratio ii chc numbcf of times brighKr a test 
jamplc b than a control sample crcAwd w'lch FITC- 
conjugatod second antibody. QuMiticadve differences i^i 
binding to C3347 ccUs probably reflect the ndAtivc 
accincy of individuiJ FirC conjugates. Data shown arc 
from one of two a imikr binding aMays. re pared by 

cniymacic digcsnon of mou^c L6 andbody with papain. 
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Escherichia coli Secretion of an Active Chimeric 
Antibody Fragment 

NUrc Better, C. Paul Ch.\ng, Randy R. Robinson, 

Arnold H. Horwitz ^ 

A chimeric mouse-human Fab protein that binds specifically to the human carcinoma 
cell line C3347 has been expressed and secreted from Escherichia coli. This molecule, 
which contains functionally assembled kappa and Fd proteins, binds as effectively to 
sites on the surface of C3347 cells as Fab fragments prepared proteolyrically from 
whole chimeric or mouse antibody. The production in Escherichia coli of foreign 
heterodimeric protein reagents, such as Fab, should prove useful in the management of 
human disease. 



THE BIN DING- SELECTIVITY OF ANTI- 
body molecules makes them suited 
for applications as diverse as affinity 
chromatography, diagnostic reagents, and 
therapeutics in the detection and treatment 
of human diseases. Monoclonal antibodies 
are cspcciaily useful for these purposes be- 
cause they can be prepared with homoge- 
neous recognidon specificities targeted at 
vimiaily an unlimited number of antigenic 
determinants. The protein domains that 
confer these antigen recognition determi- 
nants can be proteoiytically separated from 
the remainder of the molecule and stiU retain 
their an Dgen- binding abilit\'. This pordon 
of an antibody (Fab) is roughly one-third 
Lhe size of an intact immunoglobulin G 
{lz<3) (about 48 kD) and exhibits monova- 
lent antigen binding. The similar F(ab'): 
pomon retains divalent antigen-binding ca- 
pacirv^ and contains both recognition do- 
mains linked by rvv'o interchain disulfide 
, bridges. Annbodjcs differ, however, in their 
suscepnbilit}^ to protcohTic cleavage, and 
preparations can be heterogeneous. The rel- 
atively simple structure of a Fab (5 disulfide 
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bonds) compared to an intaa antibody (16 
disulfide bonds) and die therapeutic useful- 
ness of Fab molecules make them attractive 
targets for produaion by microbial fermen- 
tation after appropriate protein engineering. 
Here we discuss the expression of a mouse- 
human chimeric Fab in Escherichia coli, that 
is, a molecule that contains the variable 
regions (antigen recognition domains) from 
a mouse monoclonal andbody and the ChI 
and constant regions from a human IgGl 
antibody. 

Each protein chain of a Fab has two 
intrachain disulfide bonds that stabilize 
functional domains, and a single cv'steine 
involved in interchain disulfide linkage. 
Eschenchta colt has been used to produce 
individual immunoglobulin chains intcmal- 
Iv chat arc not properly folded (i, 2), or 
individually secreted chains (5); however, 
for E. coll to assemble the truncated heaw 
chain (Fd) and k into ±c correct heterodi- 
meric molecule, both chains must be trans- 
lated simultaneously and secreted. This op- 
eration would then mimic the cognate 
Lmmunoglobuiin assembly prcKess. 

The chimeric L6 antibody (4), directed 
toward a ganglioside anugcn expressed on 
the ceil surface of many human carcinomas 



(5), has been descnbcd. This antibody, pre- 
pared from the culture supernatant of an 
Sp2/0 transfcaoma cell line, is expressed 
from the cDNA copies of the chimeric L6 
IgG -y and K chain genes. The cDNA clones 
for these two chimcnc genes were used as 
the starting point for expression of a Fab 
molecule in mammalian cells and baacria. 

A termination codon was introduced into 
the chimeric heav7 chain gene at amino acid 
228 by site-directed mutagenesis (6) (Fig. 
la) in a manner that introduced a Bel I 
restricuon site. A similar step introduced a 
restnction site, Sst I, into die coding region 
at the processing cleavage site of xhc nadve 
hca\T chain leader pepdde and the marurc 
heavy chain. Site-dircaed mutagenesis was 



Table 1, Binding activity of baacnal Fab to 
human carcinoma cells. Target cells were incubat- 
ed for 30 nun at 4^0 with each andbody or Fab, 
followed bv incubauon with fluorescein isothio- 
a-anatc (FITC)-labclcd goat antibody against 
human k for the bacterial Fab, FnC-labelcd goat 
and bod V against mouse IgG for the L6 mouse 
antibody, FITC-labclcd goat anubody against 
mouse K for L6 mouse Fab, or goat anubody 
against human IgG for the chimeric L6 andbody. 
We dcrcrmined antibody binduig to the ceil sur- 
face bv usmg a Coulter model EPIC-C cell sorter. 
FITC- labeled anubodics were obtained from 
TAGO. 





Binding 


rauo* 


.Anubody 


C3347 ccUs 


T51 ccUs 




L6^ 


L6- 


Mouse L6 


95 


1 


Sp2/0 chimcnc L6 
BacTcriaJ L6 Fab 


116 
54 


1 
1 


Mouse L6 Fab* 


16 


1 



♦The binding rano is the number of nmcs bnghtcr a rest 
sample is than a control sample treated with FITC- 
coniucatcd .second anubodv. Quanutaavc differences in 
binding to C3347 ccUs probabiv rcfiea die rclaavc 
activin" of individual FlTC-coniugates. Data shown are 
from one of rwo similar binding assavs. -Prepared by 
cnzvmauc digcsoon of mouse L6 anubody with papain. 
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aiscj used to mscn an Aar II rcstncnon site 
into the chimeric k chain gene at the junc- 
tion of the leader pepude and the mamrc 
oroccsscd K chain. Each coding sequence, 
f d and k, was fused to die leader peptide 
segment of the bactcnaj pclB gene (pcctarc 
Ivascj from£nwKia carotovora (7) gcncraung 
a gene fusion bcrwccn the leader pcpudc 
segment of the pcctarc lyase gene and the 
mature coding sequence of the Fd and k 
genes. This bacterial leader sequence was 
chosen to direct membrane translocation m 
£. coll since pectatc lyase can be secreted to 
hich levels under the control of a regulated 
promoter. To ensure that both Fd and k 
were also translated in close physical prox- 
imir*', we assembled a plasmid that codes 
both genes in a single dicistronic message 
(Fig. lb). This opcron was placed under the 
control of the inducible ara5 promoter from 
Salmonella ryphimurTutn (8) and expressed in 
E. coli. 

Examination of culture supcmatants or 
extracts af the pcriplasmic space (P) of £. coli 
bv cnz\^mc-linked immunosorbent assay 
(ELlSAj for chimeric k with antibody 
against human k (Cappcl), or Fab produc- 
tion with antibody against human Fd (Cal- 
biochem) and antibody against human k, 
revealed chat about 90% of the secreted k 
chain accumulated in the culture medium. 
This was a surprising observation chat al- 
lowed simple purification of this materia] 
from induced bacterial cultures. Approxi- 
matclv 2 mg/litcr of material reactive as Fab 
in an ELISA is secreted into culture super- 



Fig. 1. (a) Strarcg)' for introduction of a stop 
codon and Bel I rcsinciion site at amino acid 228 
m the chimeric L6 hc2vy chain cDNA clone. An 
M13mpl9 subclone containing a portion (V'h, 
ChK Ch2) of the chimeric L6 7 gene, 
pING1400, was used as a substrate for sicc- 
dirccicd mutagenesis with the primer shown. 
.\rrows indicate the cvsrcine residue involved in 
disulfide linkage with light chain (LC) and those 
involved in linkage with \\zz\y chain (HC) in an 
intact IgG. (b) Map of plasmid pm06 and a 
schcmaric view of the relevant Fab opcron placed 
under the control of the 5. typhintunum arah 
promorcr (P/irflB). The 300- bp pelh leader se- 
quence casscue including the 22-amino acid pc/B 
leader and 230 bp of upstream DNA was derived 
from pSS1004 ( 7). Gene fusions were construct- 
ed with /)f/B and both Fd and k genes. Erwnnia 
carototvra DN'A sequences 5' to the -48 position 
were removed bv means of an Ndc I restncuon 
site, and the coding sequences for these genes 
were assembled [in the araB expression plasmid 
prT2 (IT)] into a single transcnpdon unit with 70 
bp separating the two genes. The pcctate lyase 
ribosomc binding site is located adjacent to each 
gene. In addition, the DNA sequence from -48 
to the pf/B:anubodv gene junction is a direa 
repeat preceding the Fd and k genes. The 28-bp 



natants of MCI 061 (pm06). Immunoblot 
analysis with antibody against human k 
revealed that under nonrcducmg gel condi- 
Dons, the predominant rcaaivc species had a 
molecular size of about 48 kD. Under gel 
condiuons where disulfide linkages were 
reduced, the predominant species had a mo- 
lecular size of about 23 kD. These obscr\*a- 
Dons arc consistent with the predicted mo- 
lecular sizes of the processed chimeric Fab 
(k, 23.3 kD; Fd. 24.7 kD). and suggest that 
the material is properly assembled. 

For purification of Fab, bacterial supcma- 
tants were concentrated, filtered, and loaded 
on an SP disk equilibrated with 10 n\M 
phosphate buffer, pH 7.5. Fab was eluted 
with 0.2i^f NaCl and purified by S Scpha- 
rose column chromatography, where it was 
eluted as a single peak with a linear 0 to 
O.IIAf NaCl gradient. The immunologically 
reaajve material was more than 90% pure as 
determined by SDS-polyacrylamide gel 
electrophoresis (PAGE) followed by Cckd- 
massie blue staining (Fig. 2). Purified mate- 
rial has a molecular size of about 48 kD 
under nonreducing gel conditions and 
about 24.5 and 23 kD under reducing gel 
conditions. The 23- kD band is immunologi- 
cal ly distinguishable by using antibody 
against human k. 

Purified bacterial Fab was tested for bind- 
ing to L6 antigen— containing cells (Table 
1). Bacterial Fab bound specifically to the 
human colon carcinoma cell line C3347; 
cells from the T cell line T51 ser\'ed as a 
negative control. BaacriaJly produced Fab 
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also exhibited charaacnsac binding inhibi- 
tion of FrrC-labeicd mouse L6 antibodv to 
the surface of antigen-posinve C3347 colon 
carcmoma cells (Fig. 3). Wc tested bactcnal- 
iy produced chimeric Fab, proreoKTicallv 
prepared Fab from L6 mouse antibody, L6 
chimeric antibody, and Fab prepared from 
Sp2/0 cells transfected with the truncated 
chimeric Fd and the chimeric k gene. .All 
Fab preparations have csscntialh' idenncal 
bmding inhibition profiles. The protcolvTi- 
cally produced Fab contains a significant 
proportion of degraded, low molecular size 
peptides, whereas chimeric Fab from bacte- 
ria or Sp2/0 cells is homogeneous (Fig. 2). 

Protein engineering allowed the expres- 
sion in £. coll of a funaional chimeric Fab 
that has binding specificit}' for a human 
carcinoma cell marker. The finding that £. 
coll can be engineered to secrete a foreien 
hetcrodimeric molecule builds on the earlier 
rcpon that intrachain disulfide bonds can 
form correcdy in proteins secreted into the 
periplasmic space of E. coli [10). One useful 
application for bactenally produced Fab 
molecules will be in tumor imaging in vivo 
{11, 12] [tumor marker-specific Fabs pro- 
duced proteolyticallv from whole antibodies 
have already been used for this purpose (ii- 
15)]. A great advantage of the engineered 
bacterial Fab is that the protein heterogcne- 
irs' that results from nonspecific cleavages 
and differences in the susceptibilir^^ of anti- 



B Sp L6* L6 



kD 

. —94 

^ — 58 

—30 

. " _20 
— 14 

—94 

""58 

^ —43 

^ —30 

— ^ ^ —20 

- -14 



Fig- 3, 

al Fab. 
procco 
Bb (I 
used t< 
L6 ant 
anticc; 
noma 



rrpA transcnpuonal terminator (Pharmacia) was cloned at the end of the transcripuon unit fTmt. 
Restriction endonucicasc sires arc as indicated: Psr I; Bg, Bgi 11; Be, Bel 1; and H. Hind 111. The soijd 
area denotes the approximate iocadon of thc/?c/B leader sequence. 



Fig. 2. SDS-PAGE comparison ofbactcnallv (B) 
and Sp2.'0-produccd (Spj Fab :o papam-pro- 
duccd mouse L6 and chimcnc L6* Fab. Mouse 
L6 and chimeric L6 annbodies were digested with 
papain \I8;, and Fab vvas purified bv S-Scpharosc 
chromatocraphv. Each prorcm was examined bv 
SDS-P.\GE on a 10% gel under nonreducing ' 
condinons fa) and on a 12% gel under reducing 
conditions (bi. 
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Fig. 3- BLTidine inhibinon of baacn- 
ai Fab. Baacrfai Fab, Sp2/0 Fab. and 
nroreot\TJcaUv produced chimeric L6 
Fab fL6*) and mouse L6 Fab were 
■scd to inhibir FrTC-labclcd mouse 
6 annbodv binding to the surface of 
, anngcn-posiuve C3347 colon carci- 
I noma ccUs. 
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1 bodies to protease cleavage will be obviated; 
I a consistent, homogeneous preparation can 
'l be produced. Of additional interest is the 
> relative ease with which xhc Fab cDNA 
: 2cnes can be modified before expression in 
I bacteria. For example, modificanons of the 
I priman* strucrure of cither the Fd or k cham 
i {or bodi) that are useful for subsequent 
1 conjugation of imaging or dierapeunc 
i agents or fusion to other pepndes il6) can 
1 be introduced by site-directed mutagenesis 



techniques. Wc found that £. cvli can prop- 
erly assemble a functional t^^'0-p^oceln unit 
with a complex pattern of intra- and inter- 
chain disulfide linkages and that sufficient 
quantities of this material may be prepared 
for eventual uscas a human diagnostic and 

thcrapeuDC reagent. — 
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I In their widely publicized and popular- 
i izcd article "Ranking possible carcinogenic 
i hazard," Bruce N. .\mcs a al, (17 Apr. 

1987, p. 271) conclude that ^'analysis on the 
{ levels' of svnd^euc pollutants in drinking 
! water and of synthetic pesticide residues in 
i foods suggests that diis pollunon is likely to 
* be a minimal carcinogenic hazard relative to 
i the background of natural carcinogens" and 
; thus that the "high costs of regulation" of 
such environmental carcinogens are unwar- 
rimed. These conclusions reflect bodi 
Hawed science and public policy. 
' .Mdiough \mcs ct al. challenge the valid- 
' tt\- of animal carcinogenicm^ data for quanti- 
rativc estimation of human risk, thcv never- 
d^eless use such extrapolations, based on xhc 
\ percentage Human £xposurc dose/Rodent 
' Potenc\' dose (HEKP), for ranking carcino- 
'*gcnic hazards. Apan from the faa that 
HERP rankings arc based on average popu- 
lation exposures excluding sensitive sub- 
groups, such as pregnant women, the de- 
prived potencies of .\mes ct al.. doses induc- 
ing tumors in half the tumor-free animals, 
are misleading. Potencies for "synthenc poi- 

"^C MAY 1988 



lutants," such as trichlorocdiylcnc, arc de- 
rived from bioassavs in which lowest doses 
are large fractions of die maximally tolerated 
dose (MTD), whereas potencies for more 
extensively studied "natural carcinogens, 
such as aflatoxins, are generally derived from 
utrated doses, orders of magnitude below 
die MTD. Since dose-response curves arc 
usually flanened near die MTD (i), poten- 
cies derived from high-dose testing yield 
arcificiallv low risk csnmatcs; HERPs for 
"svndien'c" carcinogens arc dius substannal- 
ly' underestimated compared widi many 
'^natural carcinoeens." 

Compounding this misconcepuon, Ames 
ct oi. maintain "diat carcinogenic dose-re- 
sponse curves rise more steeply than linear 
curves and diat tumor incidences increase 
more rapidly dian proporaonal to dose. At 
high doses, dose-response curves are usually 
less steep than linear curves (i), as also 
recocnized elsewhere bv .Ames and his col- 
leae^es [2). Thus at MTD doses, large fur- 
the^r dose increases may induce only small 
increases in tumor incidence, perhaps re- 
flecun^ compention between transform.a- 



tion and o^otoxicit)' (3); linear cxtrapola- 
Dons from' high-dose tests dius underesti- 
mate low-dose risks. 

For Ames ct al., die term "carcinogen 
heterogencouslv includes direa and indirect 
influences, including promoung and modi- 
h'lng factors and mutagens. Caloric intake is 
considered "die most striking rodent carcin- 
ogen " However, no correlations have been 
established between food intake and rumor 
incidence among animals eaung ad libitum 
despite wide varianons in caloric intake and 
body weieht (4), nor have corrclaoons been 
established between obesit>' and most hu- 
man cancers. In the statement by hmcs ct 
al "at die MTD a high percentage ot all 
chemicals mii^ht be classified as ^carcino- 
gens' " toxicitx^ and carcinogenicity arc con- 
hised However, among some 150 industria^ 
chemicals seleaed as likely carcinogens and 
tested neonatally at MTD levels, fewer dian 
10% were carcinogenic (5). Many highly 
toxic chemicals are noncarcmogenic, and 
carcmocen doses in excess of die MTD orten 
inhibit yields. While Ames ct al. 

revive die discredited dicon' diat chronic 
irritation causes cancer, most irritants arc 
noncarcinoaemc, and diere is no correlaaon 
berA'cen nonspecific ccD in]ur^^ and carcino- 
eenic potcnc\' (6). 

^ \mes ct al. classiU' edianol as carcinogen- 
ic, "fonc of die two] largest identified causes 
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ABSTRACT We have constructed yeast strains that se- 
crete functional mouse-human chimeric antibody and its Fab 
fragment into the culture medium. For chimeric whole anti- 
body, cDNA copies of the chimeric light-chain and heavy-chain 
genes of an anti-tumor antibody were inserted into vectors 
containing the yeast phosphoglycerate kinase promoter, inver- 
tase signal sequence, and phosphoglycerate kinase polyaden- 
ylylation signal. Simultaneous expression of these genes in yeast 
resulted in secretion of properly folded and assembled chimeric 
antibody that bound to target cancer cells. Yeast chimeric 
antibody exhibited antibody-dependent cellular cytotoxicity 
activity but not complement-dependent cytotoxicity activity. 
For production of Fab fragments, a truncated heavy-chain (Fd) 
gene was created by iriroducing a stop codon near the codon 
for the amino acid at which papain digestion occurs. Simulta- 
neous expression of the resulting chimeric Fd and light-chain 
genes in yeast resulted in secretion of properly folded and 
assembled Fab fragment that bound to target cancer cells. 

While a number of single-chain heterologous proteins have 
been secreted from yeast (1-7), the secretion of foreign 
multimeric or heterodimeric proteins has not been reported. 
Of the latter two groups, antibody molecules or the protein 
fragments that contain their antigen-binding domains, Fab 
and F(ab')2 (Fig. 1), are particularly important for a wide 
variety of applications, including detection and treatment of 
human disease (8,9), in vitro diagnostic tests (10), and affinity 
purification methods (11). Chimeric antibodies that consist of 
mouse variable (V) regions fused to human constant (C) 
regions may be especially valuable for human therapeutic or 
in vivo diagnostic uses, since they are potentially less 
immunogenic in humans than are mouse antibodies. 

We have described (12) the development of a cDNA 
cloning strategy for the construction and expression of 
chimeric antibodies. In this approach, cDNAs coding for the 
mouse V regions are fused at the immunoglobulin joining (J) 
region to cDNAs coding for human IgGl C regions. The 
cDNA approach for chimeric antibody construction provides 
an ideal starting point for expression of these genes in 
microbial systems that either do not undertake mRNA 
splicing or do so only rarely. In this paper, we describe the 
secretion from yeast of chimeric antibody and Fab protein. 
The yeast-secreted molecules (both whole antibody and Fab) 
bind to target ceils as well as their lymphoid cell-denved 
counterparts. In addition, yeast-derived whole antibody has 
the same antibody-dependent cellular cytotoxicity (ADCC) 
activity observed with lymphoid cell-derived whole chimenc 
antibody but lacks the complement-dependent cytotoxicity 
(CDC) activity shown by the lymphoid cell-derived antibody. 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked ''advertisement' 
in accordance with 18 U.S.C. §1734 solely lo indicate this fact. 



Light Chain 

/ Heavy Chain 



Fab 




F(ab')2 



Slop Codon Iniroduccd 



B 



LC 



HC 



He Cys Asp Lys Thr His Thr Cys Pro Pro Cys Pro Ala 
ATC TGT G AC .AAA ACT CAC ACA TGC CCA CCG TGC CCA GCA 
3' TGA GTG TGT ACT ACT GGC AGG GG 5' 
I TGA TCA 1 
Bcil 

Fic. 1. (A) Structure of mouse-human chimeric IgGl. The 
locations of papain and pepsin cleavage sites and the structures of 
F(ab) and F(ab')-, resulting from digestion with these enzymes are 
shown. The locations of N-linked glycosylation and a stop codon 
introduced by site-directed mutagenesis are also shown. V, variable; 
C, constant; H. heavy; L. light. (B) Site of in vitro mutagenesis and 
DNA sequence of the mutagenesis primer used to place a stop codon 
and Bel 1 site in the sequence encoding the hinge region of human yl 
heavy chain. The Bel 1 site was converted to Xho 1 by digestion with 
Bel 1 followed by treatment with phage T4 DNA polymerase and 
ligation with Xho 1 linkers. The stop codon was unaffected by this 
treatment. Arrows indicate interchain disulfide bonds with light 
chain (LC) and heavy chain (HC). 

MATERIALS AND METHODS 

Strains and Media. Escherichia coli strain MC1061 f 13) was 
used as a host for plasmid^. £. coli strain 71.18 (14) was used 
as a host for bactenophage M13. Saccharomyces cerevisiae 
strain BB331C (MATz uraS leul) was used as a host for yeast 
transformations performed as described by Ito et ai. (15). £. 
coli was grown in TYE broth (1.59c Tryplone/'1.0% yeast 
extract/0.5% NaCl) or agar (1.5% Bacto) supplemented, as 

Abbreviations: PGK. phosphoglycerate kmase; ADCC. antibody- 
dependent cellular cytotoxicity; CDC. complement-dependent cy- 
totoxicity; C, constant; V, vanable. 
*To whom repnnt requests should be addressed. 
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needed, with ampicillin (50 /ig/mi). Yeast transformants 
were selected on SD agar (2% glucose/0. 679^: yeast nitrogen 
base/29t agar) and grown in SD broth buffered with 50 mM 
sodium succinate (pH 5.5). 

In Vitro Mutagenesis. Site-directed in vitro mutagenesis to 
r^iace restnction sites at yeast or mammalian signal-sequence 
processing sites and a stop codon in the heavy-chain hinge 
region was performed as described by Kramer et al. (14). 
Phage plaques containmg the desired mutation were identi- 
fied by plaque-filter hybridization with '^P-labeled pnmer. 

Enzyme-Linked Immunosorbent Assay (ELISA). Light 
cham was detected by doubie-antibody sandwich ELJSA (16) 
using goat anti-human k antiserum as the coating antibody 
and peroxidase-Iabeled goat anti-human k antiserum for 
quantitation of bound k protein. Heavy chain was detected 
similarly with goat anti-human y antisera with and without 
peroxidase label. Association of k hght chains and y heavy 
chains was detected with goat anti-human k antiserum as 
coating antibody and peroxidase-labeied goat anti-human y 
antiserum as the second antibody. 

Isolation of Chimeric Whole Antibody and Chimeric Fab 
from Yeast. Whole antibody was purified from the culture 
supernatant of a 10-liter fermentation as follows. The culture 
supernatant was concentrated by ultrafiltration (DCIO ultra- 
filtration system with spiral cartridge, 30-kDa size cutoff; 
Amicon), filtered through a 0.45-^tm filter, and concentrated 
over a YM30 filter (Amicon) to 250 ml. Antibody protein was 
purified from the concentrated supernatant by protein A- 
Sepharose chromatography (11). Analysis of this protein by 
nonreducing polyacrylamide ge! electrophoresis followed by 
Coomassie blue staining and immunoblotting with anti- 
human K antiserum (Sigma) as probe revealed a whole 
immunoglobulin-size protein band against a background 
-mear. The protein in this band way purified by HPLC on an 

\^ (5-^m particle size) column (Baker), with elution by a 
-near gradient of 10-125 mM potassium phosphate (pH 6.'8}. 

Fab protein was punfied from 1 liter of culture supernatant 
by concentrating over an Amicon YM30 filter, washing with 
130 ml of 10 mM potassium phosphate at pH 7.5 (buffer A), 
and reconcentrating to 12.5 ml. The supernatant was diluted 

A 



BamHI/Bglll 



Xho I 



to 54 ml with buffer A and loaded onto a 1.5-ml S-Sepharose 
column, washed with 20 ml of buffer A, and eluted with a 
40-ml linear gradient of 0-200 mM NaCl in buffer A. 

Fab protein prepared by papain digestion (11) of 3 mg of 
whole L6 mouse antibody or chimeric antibody was punfied 
on a 25-ml S-Sepharose column by elution with an 80-ml 
linear gradient of 0-120 mM NaCl prepared in 10 mM sodium 
phosphate (pH 7.5). The Fab protein was eluted at 60 mM 
NaCl and was free of Fc protein. 

Functional Tests of Chimeric Antibody and Fab from Yeast. 
The following tests were used to assess function: (/) direct 
binding of whole antibody or Fab to target ceils that are 
positive or negative for the L6 antigen: (//) competition 
inhibition of binding of L6 mouse antibody to antigen-positive 
cells; iiii) ADCC and CDC assays with whole antibody. The 
binding assays were performed with a Coulter mode! EPIC-C 
cell soner (17). ADCC and CDC assays were performed with 
-^^Cr-labeled target cells (18, 19) that were exposed to the 
antibodies and penpheral blood leukocytes or human serum 
over a period of 4 hr. 

RESULTS 

Construction of Yeast Expression Plasmids Containing An- 
tibody Genes. To facilitate light- and heavy-chain secretion 
from yeast, the gene sequences encoding the mature forms of 
the tight and heavy chains of a chimeric anti-tumor antibody 
(L6, ref. 12) were fused to the yeast invertase signal sequence 
(20) and placed under the control of the phosphoglycerate 
kinase (PGK) gene promoter (21). These fusions were then 
cloned into yeast expression vectors containing the PGK 
polyadenylylation signal (21) to generate pING1441 (light 
chain. Ieu2) and pING1442 (heavy chain, ura3) (Fig. lA). 

The Fd portion of heavy chain consists of the V region and 
the Ch: domain (Fig. 1) and is generated by digestion of 
whole antibody with papain (11). To enable yeast to synthe- 
size Fd protein, a stop codon was introduced by site-directed 
mutagenesis of the chimeric heavy-chain gene so that trans- 
lation would terminate in the hinge region, near the papain 
recognition site (Fig. 1^). A Bel I site was introduced along 



B 



Xhol 





Apil 




BamHI 



Fig. Z. Structure of yeast immunogiobulin expression plasmids. The fusions of the gene sequences encoding the mature forms of light and 
heavy chain lo the yeast invenase signal sequence and PGK promoter were accomplished by first mtroducmg by in vitro mutagenesis a'^unique 
restncuon site at the signal-sequence processing sites for both the invertase signal sequence iFst 1) and the light '{Aat II) and heaw iSs! \) chain 
genes. These sites were positioned such that a blunt-ended ligation of restnction enzyme-digesied. T4 DNA poiymerase-treaied DNAs resulted 
in m-phase translationai fusions of the 5' end of the mature immunoglobulin chains with the 3' end of the yeasl invertase signal sequence. (A) 
The hght-chain expression plasmid. a pINGl441. was constructed by cloning a Bgi U-Xho 1 fragment containing the light-chain gene into a veast 
e^xpression vector. piNG804CVS (provided by J.-H. Lee, International Genetic Engineenngj. plNGl44} coniains the complete 2-fj.m plasmid 
(2 ,u): the chimeric light-chain gene (V and C, regions} fused to the PGK promoter (P), invertase signal sequence (S). and PGK transcription 
^--minaiion and polyadenylylation signals (T): and the ieu2 gene as the yeast selective marker. The heavy-chain expression plasmid. plNGl442. 
constructed by cloning a BamH\-Xho I fragment containmg the heavy-chain gene inio a yeast expression vector. pINGli50. pINGl442 

Jtains the yeast ongin of replication {oriV) and a cis-acung stabilization sequence (Rep3) from yeast Z-^m plasmid; the chimeric heavv-chain 
gene fV-region and C-region domains Chj, C^.. and Ch3) fused lo the PGK promoter, invertase signal sequence, and PGK iranscnption 
termination and polyadenylylation signals: and the uraj gene as the yeast selective marker. iB) The Fd-chain expression piasmid. piNGl445. 
IS identical to the heavy-chain expression plasmid. pINGl442, with the exception that the Apa l-Xho 1 restnction fragment in pINGl442 encoding 
Chi - ^h2' ^rid Ch3 has been replaced with a fragment encoding only C^i. 
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w'\{h the Slop codon. Following conversion of the Bel I site to 
Xho 1 , the Apa l~Xho 1 CH-region fragment of plNGl442 (Fig. 
14) was replaced with an Apa \-Xho 1 Chi fragn^ent con- 
taining the stop codon in the hinge region to generate 
pINGi445 (Fig. IB). 

Secretion of Whole Chimeric Antibody from Yeast. The 
plasmids pINGl441 and pING1442 were cotransformed into 
S. ccrevisiae strain BB331C by selection for Ura" Leu" 
colonies. Ten iransformants were grown for 3 days in 5 ml of 
SD broth and the culture supernatants were analyzed by 
ELISA for the levels of light chain, heavy chain, and 
associated light and heavy chams. The culture supernatants 
of two transformants (nos. 1 and 5} contained light chain at 
^1(X) ng/ml and heavy chain at 50-80 ng/ml, and 50-70% of 
the heavy chain was associated with light chain. These 
proteins were concentrated on a Centricon 30 filter (Amicon), 
electrophoresed in a NaDodS04/7% polyacrylamide gel 
under nonreducing conditions, and transferred to nitrocellu- 
lose. K-crossreactive protein was detected with goat anti- 
human K antiserum followed by peroxidase-labeled rabbit 
anti-goat antiserum. A faint, but distinct, band that comi- 
grated with purified chimenc L6 antibody produced by Sp2/0 
cells was observed in the lanes containing both supernatants 
(data not shown). These results suggested that the yeast 
transformants were synthesizing and secreting a fully assem- 
bled chimeric antibody that was very similar to lymphoid 
cell-derived antibody. 

To prepare sufficient quantities of yeast-derived antibody 
for detailed characterization of structure and function, trans- 
formant no. 5 was grown in a 10-liter fermentor for 58 hr. 
Whole antibody was purified from this culture medium as 
described in Maierials and Methods, ELISA analysis of 
column fractions from HPLC (AB^ revealed a heavy 

iy) and light (k) chain-crossreactive peak corresponding to a 
distinct A P^^^- Analysis of these fractions by nonreducing 
NaDodSOv'polyacryiamide gel electrophoresis revealed a 
protein that comigraied with L6 chimeric antibody purified 
from Sp2/0 cells"(Fig. 3). Under reducing conditions, the 
protein in these fractions was resolved into a light-chain 
band, which comigrated with the light chain of L6 chimeric 
antibody from Sp2/0 cells, and two heavy chain bands, which 
migrated near the heavy chain from Sp2/0 cells (Fig. 3). This 
purified preparation of yeast-produced chimeric antibody 
uas used in further binding and function assays. 

Secretion of Chimeric Fab from Yeast. The plasmids 
pINGl441 (Fig. 2A) and pING1445 (Fig. IB) were cotrans- 
formed into S./cerevisiae BB331C and the transformants 
were grown in broth under selective conditions as described 
above. The culture supernatants were assayed by ELISA and 
were found to contain light chain at 100-200 ng/ml. To 
determine whether the cells secreted a Fab-size protein, the 
culture supernatants were concentrated with Centricon 30 
filters, electrophoresed in a nonreducing NaDodSO4/10% 
polyacrylamide gel. and electrophoretically transferred to 
nitrocellulose paper. Light chain-crossreactive protein was 
detected with goat anti-human k antiserum followed by 
peroxidase-labeled rabbit anti-goat antiserum. One of the five 
transformants secreted a distinct K-crossreactive band, 
which migrated at the expected position for Fab protein (data 
not shown). 

The yeast strain that secreted the Fab-size protein was 
grown in 1 liter of SD broth for 4 days at 30°C and Fab protein 
was punfied from the culture supernatant. Nonreducing 
NaDodSO^/polyacrN'lamide gel analysis of pooled S-Seph- 
arose column fractions containing anti-human K-crossre- 
active protein revealed a 46-kDa protein, comigrating with 
chimenc Fab prepared by papain digestion of Sp2/0 cell- 
denved chimeric whole antibody (Fig. 4). Electrophoresis 
under reducing conditions resolved this protein into two 
bands that migrated at 23 and 25 kDa (Fig. 4). The 23-kDa 



A 



B 




Fic. 3. Silver-stained NaDodS04/polyacrylamide gels showing 
purified chimeric antibody secreted by yeast. [A) Nonreducing 19c 
gel. {B) Reducing 10% gel. Intensely stained band at 68 kDa on both 
gels is bovine serum albumin (BSA), which was present as a carrier 
protein. Size marker (lanes SM) molecular masses (in kDa at right) 
and relevant yeast-derived (lanes Y) and Sp2/0-derived (lanes S) 
antibody bands [Ab on nonreducing gel; HC (heavy chain) and LC 
(light chain) on reducing gel] are identified. 

band was identified as light chain by its reactivity on an 
immunoblot with anti-human k antiserum. These results were 
consistent with the predicted molecular masses, based on 
nucleotide sequence, for fully processed L6 chimeric light 
chain (23.3 kDa) and Fd chain (24.8 kDa). 

Binding Characteristics of Chimeric Whole Antibody and 
Fab Protein Secreted by Yeast, The purification from yeast 
culture supernatants of protein of the expected size of whole 
antibody and Fab suggested that the yeast transformants 
were secreting correctly folded, functional molecules. This 
hypothesis was confirmed by performing direct and compe- 
tition binding assays with a human colon carcinoma ceil line 
(line C-3347) ihat'expresses 5 > 10^ molecules of the L6 
tumor antigen per cell (17). In the direct binding assay, both 
whole antibody and Fab from yeast bound to the target 
cancer cells but not to a control cell line that lacked the L6 
antigen (data not shown). In the competition assay using 
mouse L6 antibody, 50% binding inhibition was observed at 
the same concentration (2 ^g/m\) for both yeast-derived and 
Sp2/0 cell-derived whole chimeric antibody (Fig. 5). In the 
same assay, the yeast-derived L6 chimeric Fab behaved 
identically to both Sp2/0 cell-derived chimeric and mouse 
Fab proteins prepared by papain digestion (Fig. 5). Fifty 
percent inhibition of mouse L6 antibody was achieved by the 
veast-denved Fab at 7 /xg/ml. 

Chimeric Whole Antibody from Yeast Mediates ADCC but 
Not CDC. Two additional tests for function were performed 
with chimenc whole antibody from yeast: (n mediation of 
ADCC in the presence of human peripheral blood leukocytes 
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Nonreducing 



Reducing 



Fig. 4. Coomassie blue-slained gel comparing purified chimeric 
Fab protein secreted by yeast (lanes Y) with chimeric (lanes C) and 
mouse (lanes M) Fab fragments produced by papain digestion of 
intact antibody. (A) Nonreducing 10% gel. iB) Reducing 12% gel. 
Size marker molecular masses (kDa) and relevant bands are shown. 
LC, light chain. 

and (/"O mediation of tumor-cell lysis in the presence of human 
complement. ADCC activity of yeast-derived chimeric L6 anti- 
body was slightly higher than that of Sp2/0 cell-derived chimeric 
antibody, and the ADCC activities of both chimeric antibodies 
were higher than that of the mouse L6 antibody (Table 1). 
Yeast-derived L6 chimeric antibody failed to mediate CDC, even 
at the highest antibody concentration, whereas Sp2/0 ceU-de- 




Concentration (pg/mi) 

Fig. 5. Comparison in antibody-competition binding assays 
between whole chimeric L6 antibody (IgG) derived from yeast and 
Sp2/0 cells, chimeric L6 Fab derived from yeast or prepared by 
papain digestion of whole chimeric antibody isolated from Sp2/0 
cells and mouse Fab prepared by papain digestion of L6 antibody. 
C-3347 colon carcinoma ceils were incubated with vanous concen- 
trations of unlabeled blocking antibodies before addition of fluores- 
cein isothiocyanate-conjugated mouse L6 antibody (3 fj.g/n\\]. Inhi- 
bition was measured by flow cytofluonmetrv. 



Table 1. ADCC analvsis 



Antibody 


Cone, 
Mg/mi 


% cytolysis 


Standard mouse L6 


5.0 


42 




1-0 


48 


Sp2/0 chimenc L6 


1.0 


96 




O.i 


71 




0.01 


54 




0.001 


37 


Yeast chimeric L6 


1.0 


114 




0.1 


108 




0.01 


76 




0.001 


60 


None 


0 


23 



The colon carcinoma target cells (line C-3347) were labeled with 
^^Cr and exposed for 4 hr to a combination of monoclonal antibody 
and human peripheral biood leukocytes (100 per target ceil), and the 
release of ^^Crwas measured subsequently. The release of ^^Cr (after 
corrections of values for spontaneous release from untreated cells) is 
a measure of cytolysis. 

rived chimeric L6 antibody and mouse L6 antibody exhibited the 
expected c>aolytic activity (Table 2). 

DISCUSSION 

We have engineered the yeast S. cerevisiae to secrete 
functional mouse-human chimeric antibody and Fab protein 
into the culture medium. This was accomplished by simul- 
taneous expression of the mature light-chain gene and the 
heavy-chain gene or a truncated heavy-chain (Fd) gene fused 
to the yeast invertase signal sequence and the PGK promoter 
and polyadenylylation signal. Several lines of evidence sup- 
port the thesis that these proteins are correctly folded, (i) 
Proteins of the expected size for whole antibody and Fab 
were purified from the culture supernatants of yeast cells 
expressing the chimeric light- and heavy- or Fd-chain genes 
(Figs. 3 and 4). (ii) The whole antibody and Fab from yeast 
behaved indistinguishably from their lymphoid cell-derived 
counterparts in both direct and competition binding assays 
(Fig. 5). (///) The chimeric whole antibody from yeast exhib- 
ited the same ADCC activity as the chimeric antibody from 
Sp2/0 cells (Table 1). 

There have been a number of reports of secretion from 
yeast of heterologous proteins fused to yeast signal se- 
quences (2, 4, 5, 7). All of the proteins in these examples were 
composed of a single polypeptide chain. Although there is 
one example of functional mouse antibody (IgM) production 
in yeast, the antibody in this case was found only intracel- 
luiarly in vacuoles; only unassociated light and heavy chains 
were detected in the culture supernatant (22). 

Table 2. CDC analysis 



.A^ntibody 



Cone, 
fig/ml 



Complement* 



% cytolysis^ 



Standard mouse L6 


5 




122 




1 


-1- 


53 




5 




1 


Sp2/0 chimeric L6 


5 


-r 


73 




1 




?i 




0.1 


-1- 


5 




5 




2 


Yeast chimeric L6 


5 




3 




1 




2 




0.1 


•1- 


4 



"Human serum from a healthy subject was used as the source of 
complement. 

'^^Cr-labeled C-3347 ceils were exposed to human complement and 
antibody. CDC was measured by a 4-hr '^Cr-release assay. 
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The chimeric whole antibody from yeast mediated ADCC 
'n an identical fashion to Sp2/0 cell-denved chimeric anti- 
jody (Table 1). These results suggest that the yeasi-derived 
antibody is equivalent to the lymphoid cell-denved antibody 
in interacting with Fc receptors on killer cells and activating 
them to mediate ADCC. Interestingly, the chimeric mouse- 
human antibody from either lymphoid cells or yeast was more 
efficient at ADCC than was the mouse antibody. Thus, the 
Fc-receptor interaction involved in ADCC appears to be 
primarily determined by the amino acid sequence of the Fc 
portion of the antibody and is probably not affected by the 
altered glycosylation patterns expected for yeast-derived 
antibody. This conclusion is consistent with the observation 
that binding of Fc receptor type I by IgG, which may play a 
central role in ADCC (23), occurs in the region linking the 
Ch2 domain to the hinge (24). This region of the protein is an 
exposed, flexible strand (24) and is well removed from the site 
of N-linked glycosylation (25). 

An intriguing result is that the yeast-derived antibody lacks 
the ability to activate complement to lyse target cells (Table 
2). This may reflect differences in the glycosylation patterns 
of the yeast-derived and Sp2/0 cell-derived chimeric anti- 
bodies. Several observations support this hypothesis. Bind- 
ing of complement component Clq, which initiates CDC, 
occurs within the Ch2 domain of human IgG (26), which is 
also the region of N-linked glycosylation. Second, elimina- 
tion of the N-linked glycosylation site in mouse IgG2b by in 
vitro mutagenesis of asparagine-297 to alanine results in 
reduced affinity of the antibody for human Clq and complete 
loss of CDC (27). Third, while yeast and mammalian cells 
recognize the same peptide signal [Asn-Xaa-(Ser/Thr)] for 
•jiycosyiation and utilize a similar pathway for core oligosac- 
jharide synthesis in the endoplasmic reticulum (28), the type 
and extent of outer chain glycosylation appear to be quite 
different in these cell types (29). Indeed, comparison of yeast- 
and Sp2/0 cell-derived heavy chains by reducing NaDod- 
SO^/polyacrylamide gel electrophoresis revealed differences 
in protein mobility (Fig. 4), which may be caused by differ- 
ences in glycosylation. Such glycosylation differences may 
be sufficient to cause a loss of CDC activity. Further studies 
will be required to establish the exact cause of these size 
differences and their possible relationship to CDC activity. 

Fab proteins may be especially useful for certain diagnostic 
and therapeutic applications, including in vivo tumor imaging 
(8) and drug or toxin delivery to tumors. Mouse-human 
chimeric Fab proteins are particulariy attractive for these 
uses because they may be less immunogenic than mouse Fab 
proteins in humans. Current methods for Fab production 
involve papain digestion of purified whole antibody (11). This 
approach can be problematic, since not all antibodies are 
equivalent in their susceptibility to papain cleavage (11) and 
additional purification steps are required beyond that for the 
whole antibody. In addition, papain digestion can result in 
partial degradation of the Fab (Fig. 4). By contrast, direct 
production of Fab by yeast or, as described elsewhere, by £, 
coli or Sp2/0 cells (30) can yield a highly purified, homoge- 
neous Fab preparation that has the same binding activity as 
the Fab prepared by papain digestion (Fig. 5). Further, the 
introduction by site-directed mutagenesis of a restriction site 
in conjunction with the stop codon in the Fd sequence 
permits manipulations at the 3' end of the gene that can yield 
Fab proteins with altered properties, such as enhanced 
ifTinity in labeling reactions, or allow direct production of 
Fab molecules linked to various proteins. 
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